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 Lutzomyia shannoni (Dyar, 1929) (Diptera: Psychodidae) is the only known sand 
fly vector of vesicular stomatitis virus, a putative leishmaniasis vector, and also boasts 
the widest distribution of any sand fly in the New World. Research on Lu. shannoni in 
Central and South America has revealed genetically divergent subpopulations; however, 
tentative analysis of Lu. shannoni in the U.S. has failed to detect any significant 
population structure, even between specimens collected from highly disparate localities.  
The present study used four molecular markers to more closely investigate the 
population structure of Lu. shannoni in the U.S., and assess the species’ relationships 
with specimens from Mexico and Colombia. Phylogenetic networks, population genetics 
analysis, and phylogenetic tree inference indicated that the U.S. contains a highly 
homogenous Lu. shannoni population, while Colombia contains several topographically-
structured populations. These analyses also indicated that Lu. shannoni in Mexico 
represent a genetic intermediary between U.S. and Colombia populations, and indicated a 
high degree of relatedness between specimens from Mexico and specimens from north-
vii 
 
western Colombia, implying a northward expansion of the species from South America 
through Central America via the Isthmus of Panama, and then into the U.S. within recent 
geologic history. Demographic analysis via Fu’s F-statistics and Bayesian skyline 
plotting suggested a recent population expansion of Lu. shannoni in the U.S., coinciding 
with the conclusion of the most recent great glaciation period at the end of the 
Pleistocene Epoch. Lastly, Maxent models were constructed to assess Lu. shannoni 
habitat preference and suitability in the U.S. and Colombia, and indicated substantial 
range tolerance, stymied primarily by cold temperatures, arid climates, and high 
elevation.  
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Chapter 1 
Introduction 
Motivation 
Infectious diseases account for over 25% of all human disease, and 9 of the 20 
most impactful of these illnesses are transmitted by an arthropod vector (Hotez et al., 
2004). Notable among these is leishmaniasis, a disease caused by the trypanosome 
parasite, Leishmania, that infects approximately 2 million people worldwide annually, 
resulting in an estimated 40,000 deaths (Ready, 2008; Hotez et al., 2004). Due to 
underreporting in many at-risk regions, the global impact of leishmaniasis may be more 
severe than current data suggest (Alvar et al., 2012).  
Leishmaniasis is transmitted by the bite of infected Phlebotomine sand flies, a 
group of blood-pool feeding dipterans in the subfamily Phlebotominae (Ready, 2013). 
Approximately 70 of the 700 recognized sand fly species are putative or confirmed 
disease vectors, principally of leishmaniasis (Bates, 2007; Ready, 2013). In the New 
World, all known and suspected leishmaniasis vectors are encompassed by the genus 
Lutzomyia, which includes over 30 species (Ready, 2013; Young and Duncan, 1994). 
Urbanization globally, and especially in the developing world, has spurned the 
expansion of cities into rural habitat, placing leishmaniasis reservoirs and vectors into 
close contact with human and domestic animal populations (Desjeux, 2001). Agricultural 
development may also be implicated in the transmission of leishmaniasis: in South 
America, the planting of crops was found to attract rodents infected with leishmaniasis, 
effectively importing the parasite from sylvatic areas to domestic areas (Desjeux, 2001). 
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Expansion of irrigation systems can similarly attract rodent disease reservoirs by altering 
local habitats, such as in Deir es Zor, Syria, where an epidemic of leishmaniasis occurred 
following the construction of new irrigation systems (Desjeux, 2001).  
Climate change is also projected to increase the rate of encounter between sand 
fly disease vectors and humans. Shifts in temperature and precipitation are expected to 
result in the migration of many poor agrarian communities, whose exposure to sand fly 
bites during travel could put them at especial risk of contracting and transmitting 
leishmaniasis. Furthermore, general warming trends are projected to increase the viable 
range and infestation intensity of many vector species, putting additional populations at 
risk (Desjeux, 2001; Githeko et al., 2000; Ready, 2008).  
Lastly, the severity of leishmaniasis cases may be further exacerbated by 
concurrent public health issues. Leishmaniasis has a synergistic relationship with 
HIV/AIDS, increasing the rate of progression, transmissibility, and lethality of both 
diseases (Bernier et al., 1998; Desjeux and Alvar, 2003). In countries experiencing high 
incidence rates of both HIV/AIDS and leishmaniasis – e.g., Guyana, Suriname, 
Guatemala, El Salvador, and Honduras – this synergistic relationship may increase 
disease burden and worsen patient prognoses (WHO, 2017). Researchers have also 
isolated Leishmania parasites from hypodermic needles discarded by intravenous drug 
users, suggesting a mechanical route of transmission independent of the arthropod vector 
(Cruz et al., 2002).  
As urbanization, agricultural development, and human migration continue to 
increase worldwide, a growing number of people will be exposed to leishmaniasis vectors 
and reservoirs. The prevalence of HIV/AIDS and intravenous drug use may contribute 
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further to the global disease burden imposed by leishmaniasis. The study of sand fly 
vector species is increasingly necessary in order to develop effective leishmaniasis risk 
assessment, mitigation, and prevention programs. 
Leishmania Lifecycle 
While abiotic and biotic factors influence the rate of leishmaniasis transmission 
between vector, reservoir, and human host, the parasite’s lifecycle and interaction with its 
sand fly vector dictates the likelihood and frequency of these transmission events.  
Female sand flies become infected with leishmanial parasites upon taking a 
bloodmeal from an infected mammal (Fig. 1). Parasitic amastigotes – an unflagellated 
phase of Leishmania – occupy host macrophages and are ingested by the fly, whereupon 
they transform into procyclic promastigotes – a reproductive extracellular flagellated 
motile phase of Leishmania – within the sand fly midgut, and undergo replication for 
several days. The parasites then transform into nectomonad promastigotes – a highly-
motile extracellular phase of Leishmania – which migrate anteriorly from the midgut to 
the stomodeal valve, a structure that separates the sand fly midgut from the foregut, 
whereupon they transform again into leptomonad promastigotes. This elongated, 
flagellated phase of the parasite anchors onto the sand fly epithelium, undergoes a second 
replication cycle, and secretes promastigote secretory gel (PSG). PSG is comprised of 
proteophosphoglycans, which form a filamentous matrix that both retains the parasites, 
and blocks the sand fly stomadeal valve, inhibiting blood feeding until the PSG plug is 
regurgitated (de la Maza, 2013; Rogers et al., 2004). The parasite then transforms into the 
infective metacyclic promastigote and resides within the PSG plug until the vector takes 
another blood meal. When an infected sand fly attempts to bite another host, the PSG 
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plug is regurgitated into the bite site, along with embedded parasites and saliva, all of 
which contribute to Leishmania infectivity (de la Maza, 2013; Rogers et al., 2004). The 
metacyclic promastigote is engulfed by host macrophages upon entering the bloodstream, 
whereupon it transitions into the replicative non-motile amastigote. The amastigote lives 
and reproduces as an intracellular macrophage parasite, until ingested by another female 
sand fly (Bates, 2007; Dostalova and Volf, 2012; Rogers et al., 2002; Gossage et al., 
2003).  
 
  
Figure 1: the life cycle of Leishmania, the causative agent of leishmaniasis, in the primary vector, 
Lutzomyia longipalpis. Parasites replicate at three points: amastigotes in macrophage phagolysosomes, 
promastigotes in the abdominal midgut, and leptomonad promastigotes in the thoracic midgut. These 
replicating forms are linked by multiple, non-dividing or transmission stages. From Gossage et al. (2003).  
Figure 1: The Leishmania Life Cycle in Lutzomyia longipalpis 
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Lutzomyia shannoni 
The cycle of Leishmania transmission to and from sand fly vectors is influenced 
heavily by sand fly taxonomy. Phlebotomine sand flies (Diptera: Psychodidae: 
Phlebotominae) are the only known vector of leishmaniasis (Ready, 2013). Over 700 
species have been described, approximately 70 of which are implied or confirmed disease 
vectors (Bates, 2007; Ready, 2013). In the New World, all known and suspected 
leishmaniasis vectors are encompassed by the genus Lutzomyia, which includes over 30 
species (Ready, 2013; Young and Duncan, 1994). 
Lutzomyia shannoni has demonstrated potential capacity as a leishmaniasis vector 
following successful experimental infection with Leishmania mexicana and L. chagasi; 
and is hypothesized to maintain leishmaniasis in disease reservoirs, especially dogs 
(Lawyer et al., 1987; Travi et al., 2002; Petersen, 2009; Petersen and Barr, 2009). 
Lutzomyia shannoni is also the only known Phlebotomine vector of vesicular stomatitis 
virus (VSV), a disease similar to foot-and-mouth disease that afflicts domestic livestock 
and, occasionally, humans working in close contact with them (Comer et al., 1990; 
Comer et al., 1991).  
Lutzomyia shannoni boasts the largest distribution of any known New World sand 
fly. The species has been collected in most continental countries from northern 
Venezuela to the northeast United States (Fig. 2), and new state records are published 
regularly in the U.S. (Young and Perkins, 1984; Young and Duncan, 1994; Haddow et 
al., 2008; Minter et al., 2009). The species’ habitat – oak hardwood and mixed oak 
hardwood forest – is highly discontinuous throughout its range, due to climatic and 
anthropogenic variation (Young and Perkins, 1984; Mann et al., 2009). Despite its broad 
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distribution, Lu. shannoni exhibits a limited flight range, averaging only 21 m. in a 24-
hour period (Alexander and Young, 1992).  
This combination of limited vagility, expansive range, and disjunct habitat 
suggests a high probability of substantial population structure or cryptic speciation within 
Lu. shannoni (Florin et al., 2011). In fact, the species is considered part of a larger 
Shannoni complex, which groups 7 species based on morphological similarity between 
male and female terminalia (Sabio et al., 2014; Sabio et al., 2016).  
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Figure 2: all countries and U.S. states in which Lu. shannoni specimens have been collected, according to 
published records (summarized in Young and Duncan, 1996). Lu. shannoni has been collected in countries 
highlighted in red; no published record of Lu. shannoni collection exists for areas depicted in white.  
Figure 2: Known global distribution of Lu. shannoni; the species is restricted to 
the New World 
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Lu. shannoni’s unique biogeography and unclear taxonomic structure make it an 
ideal candidate for molecular phylogenetic and population genetic analysis. However, 
such analyses of Lu. shannoni are poorly represented in the literature compared to 
morphometric analyses. What few studies exist typically employ only one or two genetic 
markers or isozymes, include a limited number of specimens, and feature a phylogenetic 
focus (Kuwahara et al., 2009; Torgerson et al., 2003; Florin et al., 2011; Florin and 
Rebollar-Tellez, 2013; Cardenas et al., 2001; Mukhopadhyay et al., 2001). Furthermore, 
morphological identification is not always reliable or possible, especially in females. 
Often, only the exposed terminalia of males can be consistently examined, and the 
diagnostic features distinguishing closely-related species are subtle (Young and Duncan, 
1994).  
While determinations of vector competence have traditionally been made at the 
species level, an increasing body of research suggests that population-level distinctions in 
sand fly vectorial capacity exist. Populations of the Lu. longipalpis species complex from 
Brazil, Colombia, and Costa Rica, for example, express different saliva composition, 
which has been associated with disparate vasodilatory and leishmanial transmission 
capacities (Warburg et al., 1994; Lanzaro and Warburg, 1995). It has been further 
hypothesized that different sand fly genotypes impacting saliva composition and gut 
glycoproteins influence both vectorial competence and disease presentation (Maingon et 
al., 2007). Considering the weak association between Leishmania genotype and its 
associated pathology, it’s likely that the specific biochemistry of the sand fly vector plays 
a role in leishmaniasis presentation (Lanzaro and Warburg, 1995; Maingon et al., 2007).  
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Identifying Lu. shannoni population structure in particular may denote areas of 
VSV risk: VSV infects sand fly eggs transovarially, and can thus spread within a 
population throughout the three generations that comprise a single sand fly breeding 
season (Comer et al., 1994). Lastly, population structure may inform vector control 
measures. Pesticide susceptibility, for instance, has been shown to vary across 
populations within the same sand fly species depending on each group’s level of 
exposure and subsequent resistance (Alexander et al., 2009).  
Methodological Approach 
Accurate genetic assessments rely on relevant and diverse genetic markers. In the 
case of intraspecific analysis, homologous, non-recombinant, rapidly-evolving, and 
structurally simple genes are key (Avise et al., 1987). Mitochondrial DNA (mtDNA) 
matches these criteria, and has thus become a powerful tool to infer both phylogenetic 
and population-level relationships across a broad array of taxa, including Lutzomyia. 
Among the most widely used mtDNA markers are the highly variable genes encoding 
respiratory enzyme subunits cytochrome c oxidase I (COI) and cytochrome b (Cyt-b); and 
the more conserved gene encoding the 16S large ribosomal subunit (Avise et al., 1987; 
Kambhampati and Smith, 1995; Arrivillaga et al., 2002; Arrivillaga et al., 2003; 
Torgerson et al., 2003; Meneses et al., 2005; Cohnstaedt et al., 2011; Florin and Rebollar-
Tellez, 2013; Scarpassa et al., 2015).  
Nuclear genes directly involved in reproductive isolation have also proven 
informative at the specific and, in some cases, intraspecific level, despite their lower 
resolution at such scales. The paralytic (para) gene, first described in Drosophila, 
encodes the α-subunit of a voltage-gated sodium channel, and has been implicated in both 
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courtship song and pyrethroid insecticide resistance (Loughney et al., 1989; Peixoto and 
Hall, 1998; Gleason, 2005; Ffrench-Constant et al., 2016). Fixed para genotypes were 
found to correspond to two distinct Lu. longipalpis populations that also produced 
disparate acoustic patterns during courtship (Lins et al., 2008; Lins et al., 2012). In many 
Dipterans, courtship song is integral to successful mating; significant differences in 
acoustic patterns may therefore constitute a reproductive barrier (Lins et al., 2008).  
This investigation sought to build on previous work elucidating the intraspecific 
structure and biogeography of Lu. shannoni in the U.S., Mexico, and Colombia, using 
methods encompassing phylogenetics, population genetics, demographic analysis, and 
ecological niche modeling. To this end, three mitochondrial markers (COI, Cyt-b, 16S) 
and one nuclear marker (para) were sequenced for analysis. A previous study by Florin et 
al. (2011) found surprising levels of genetic homogeneity despite the expansive distances 
separating Lu. shannoni collection sites in the U.S.; however, this study focused 
principally on morphometric analysis, utilizing only two genetic markers (COI and ITS2) 
in conjunction with canonical discriminant analysis, while omitting both phylogenetic 
and population genetic analytical methods (Florin et al., 2011). It was therefore 
postulated that population structure might be detected by comparing haplotype diversity 
across the sampled range, particularly in the U.S. and Colombia, using these heretofore 
untested approaches.  In so doing, we sought to elucidate Lu. shannoni’s biogeographical 
structure in these countries, in the interest of both assessing the species’ biogeographical 
history and informing future disease risk assessments.  
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Chapter 2 
Methods 
Population sampling 
            Lutzomyia shannoni specimens were collected from four different U.S. locations, 
including Virginia, Maryland, South Carolina, and Texas (Fig. 3A). These locations were 
selected based on the presence of favorable habitat, proximity to previous Lu. shannoni 
collection sites, and to best represent the species’ broad range. Additional specimens 
from Quintana Roo, Mexico were donated by Dr. David Florin of the Uniformed Services 
University of the Health Sciences, and specimens from Colombia representing six 
departments (equivalent to states) and one colony were donated by Dr. Leonard 
Munstermann of Yale University’s School of Public Health (Table 1, Fig. 3B-2C). COI 
sequences published by Florin et al. (2008) were also accessed from NCBI, adding an 
additional six states to the COI analysis, including Alabama, Florida, Georgia, Kentucky, 
Louisiana, and North Carolina (Nucleotide, Accessions GU564507-GU597950, 
JQ769141, KC755366-KC755397) (Fig. 3A). GPS coordinates were recorded for trap 
locations; NCBI-accessed COI specimen and Yale-donated specimen coordinates were 
determined using an online gazetteer based on collection locality descriptions 
(http://www.geonames.org). Ethanol-preserved adult Lu. longipalpis specimens (strain 
LLJB, NR-44015) were provided by the Walter Reed Army Institute of Research for 
distribution by BEI Resources, NIAID, NIH, and were used to optimize specimen 
preparation and DNA extraction protocols.  
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Figure 3C: Map of Colombia collection sites. Collections were performed throughout the late 1990s 
and 2000s, as reported in Table 1. Specimens and associated information were provided by Dr. 
Leonard Munstermann of Yale’s School of Public Health.  
Figure 3C: Map of Colombia Lu. shannoni collection sites 
16 
 
Collections in the U.S. took place from August to October, 2016. Permits were 
obtained to sample in Patuxent Wildlife Research Refuge, MD (Permit No. SUP-
2016.57.1); Mason Neck State Park, VA (Permit No. MN-RCP-081116); and Poinsett 
State Park, SC (Permit No. N-11-16). Permission was obtained from the land owner to 
sample on private land in Troup, TX. 
            Four CDC Miniature Light traps (Model 512, John W. Hock Co.), equipped with 
fine mesh collection bags (P/N 1.42, John W. Hock Co.) and dry ice coolers (P/N 1.10, 
John W. Hock Co.), were employed at each collection site, as per the established 
sampling guidelines outlined by Young and Duncan (1994). Traps were placed 
approximately 1 m. off the ground, the bags baited with chicken feathers or dog hair, and 
a 0.5-1.0 kg piece of dry ice placed in the trap cooler. Traps were placed at predesignated 
locations at sunset, were retrieved at sunrise, and the collection bags placed in a dry ice-
containing cooler to euthanize the captured insects. Specimens were stored in 90% 
ethanol.  
Specimen Preparation 
 To identify sand flies to the species level, important taxonomic features must be 
inspected with a compound microscope (Young and Duncan, 1994; WRBU, 2017). To 
this end, male sand fly specimens were dissected, and the head, one wing, one rear leg, 
terminalia, and several terminal segments of abdomen were mounted according to the 
protocols outlined by Young and Duncan (1994) and the Walter Reed Biosystematics 
Unit (WRBU, 2017). The remaining tissue was stored in 95% ethanol in individual 
microcentrifuge tubes for genetic analysis.  
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Sand fly heads and terminalia contain internal structures useful for species 
identification; these structures were therefore cleared for mounting by being placed in a 
spot plate, covered in 10% NaOH solution, and incubated at 45°C for 1-2 hours until the 
cuticle was cleared of pigment. Heads and terminalia were then incubated in 5% acetic 
acid solution at room temperature for 20 minutes to neutralize residual NaOH solution, 
rinsed in 95% ethanol twice for 10 minutes per rinse, and mounted on a glass slide in 
Euparol mounting medium. Specimen legs and wings were covered in DI H2O and 
refrigerated in a separate spot plate until mounted along with the head and terminalia. 
Slides were covered and incubated at 45°C overnight before a coverslip was placed with 
an additional drop of Euparol; and were then left to cure at 45°C for 14 days.  
Species identification was performed using a compound microscope according to 
the keys of Young and Duncan (1994) and confirmed by Dr. David Florin (personal 
communication). Photos of each specimen were taken [Supplemental information].  
DNA Extraction and PCR 
 Following species identification, tissue samples identified as Lu. shannoni 
underwent DNA extraction using the QIAamp DNA Micro kit, as per the manufacturer’s 
instructions. Final DNA elution was repeated twice, using 100 uL of AE buffer or H2O. 
Final DNA elutions were concentrated from 200 uL to 50 uL using a Centrivap DNA 
Concentrator. DNA concentration and sample purity were determined using a Qubit 3.0 
Fluorometer and ThermoScientific NanoDrop 2000, respectively. Specimens featuring 
high concentrations of contaminants were cleaned using a Zymo Genomic DNA Clean & 
Concentrator kit, as per the manufacturer’s instructions.  
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 PCR was carried out in 50 uL reaction volumes using a BioRad T100 
thermocycler, and Qiagen Taq PCR Master Mix (Table 2). PCR products were loaded 
into a 0.9% low melting point agarose gel, and run at 100 volts, 400 mAmps for 45 to 60 
mins to separate target product from contaminants. DNA bands indicating successful 
PCR were cut from the gel using a clean scalpel and were processed using a QIAquick 
gel extraction kit as per the manufacturer’s instructions. DNA and contaminant 
concentrations were estimated using a Thermo Fisher NanoDrop 2000 Spectrophotometer 
and submitted to Eurofins for Sanger sequencing.  
 
 
 
 
 
Table 2: Summary of PCR protocols for amplification of Lu. shannoni COI, Cyt-b, 16S, and para 
genes. Optimal temperatures were determined via temperature gradient PCR, centered around the 
temperatures detailed in the associated references. 50 uL reactions were used, consisting of 25 uL 
Qiagen Taq Master Mix; 2.5 uL 10mM forward primer solution; 2.5 uL 10mM reverse primer solution; 
variable volume of DNA solution to achieve 1-2 ng dsDNA per reaction as measured via Qubit 3.0 
Fluorometer; and sufficient H2O to bring final solution volume to 50 uL. 
Table 2: Summary of PCR protocols 
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Sequence Alignment 
 Sequences were aligned to voucher sequences retrieved from NCBI using the 
ClustalW alignment tool in BioEdit v7.2.6.1 (Hall, 1999). Chromatograms were used to 
determine appropriate trimming points. Alignments were exported to Mesquite v3.20 
(Maddison and Maddison, 2017), and translated to ensure accuracy of alignments and 
reading frame based on available protein sequence data from a published Lutzomyia 
umbratilis mitochondrion sequence (Nucleotide, Accession NC_026898.1). Para 
sequences were aligned to a published Lu. longipalpis para fragment (Nucleotide, 
Accession EU746318.1). Lutzomyia umbratilis represents the only published Lutzomyia 
mitochondrion sequence currently available, while Lu. longipalpis represents the only 
published para sequences currently available; as such, accessed sequence data from both 
species were employed as outgroups. An additional Lu. dendrophyla sequence fragment 
was used as an outgroup for the Cyt-b sequences, as the sequence matched the region 
amplified by the Cyt-b primers, specifically the 3’-end of the Cyt-b gene, intergenic space 
1 (IG1), and the 5’-end of the serine tRNA (tRNASer) encoding region (Nucleotide, 
Accession KM054597.1).  
Population Structure  
 Median-joining haplotype networks (Bandelt et al., 1999) were generated using 
PopART (Leigh and Bryant, 2015), and included geotags blocks that were added to each 
sequence alignment file to match each sample with its collection site. Homoplasy was 
considered unlikely given the high degree of relatedness between Lu. shannoni 
specimens. The homoplasy parameter ε=0 also yielded the most interpretable networks 
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and is recommended for human mtDNA analysis via median-joining (Bandelt et al., 
1999); thus, ε=0 was employed when constructing the networks presented here.  
 Analysis of molecular variance (AMOVA) was performed using Arlequin 3.5.2 
(Excoffier and Lischer, 2010) to assess population structure at both the local and regional 
level, specifically within and between Colombia, Mexico, and the U.S.. Pairwise FST and 
associated distances were also calculated, using 100 permutations and a significance level 
of 0.05 for all markers.  
 Spatial analysis of molecular variance (SAMOVA) was performed using SPADS 
1.0 (Dellicour and Mardulyn, 2014). The number of groups (k) tested was set from 2 to 9 
based on previous haplotype network and phylogenetic analyses. The resulting k yielding 
the largest ΦCT value was determined to represent the most accurate estimate regarding 
the correct number of groups to include in the analysis, as per SAMOVA’s maximization 
of between-group variance (Dupanloup et al., 2002). 10,000 iterations were performed 
with 10 repetitions for each k, and Φ-statistics were calculated to estimate population 
dynamics among groups, populations, and individuals.  
Demographic Methods 
 Fu’s F-statistics (Fu, 1997) were calculated using Arlequin 3.5.2 (Excoffier and 
Lischer, 2010) to assess potential demographic expansions. Analyses were conducted 
separately on U.S. and Colombian specimens in order to test the recent northward 
expansion hypothesis. 1,000 simulated samples were used for all molecular marker data. 
JModelTest 2.1.10 (Darriba et al., 2012; Guindon and Gascuel, 2003) identified 
the HKY+I+G model as yielding the best fitting model as per Bayesian Information 
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Criterion, and this model was used for all subsequent analyses. Coalescent Bayesian 
Skyline Plots (BSP) were generated for U.S. COI sample data to further explore potential 
demographic changes using BEAUti2 (Bouckaert et al., 2014), BEAST2 (Bouckaert et 
al., 2014), and Tracer 1.6 (Rambaut et al., 2014). Substitution rate was set in BEAUti2 to 
6.2-8 per site per generation, based on previous analysis of mtDNA mutation rates in 
Drosophila (Haag-Liautard et al., 2008). Gamma category count was set to 4; shape to 
1.0; proportion invariant to 0.5; and the evolutionary model set to HKY. BEAUti2 was 
also set to estimate all aforementioned parameters during Bayesian analysis. A strict 
clock model was set, with a rate of 1.0. The tree model was set to Coalescent Bayesian 
Skyline with Random Tree in the Priors menu. Lastly, the chain length was set to 30 
million MCMCs, burn-in was set to 3 million, and adequate convergence assessed 
visually using Tracer 1.6. Convergence was deemed to have been reached when the trace 
plot achieved mean and variance patterns consistent with stationarity.   
Phylogenetic Methods 
 Bayesian phylogenetic trees were constructed using MrBayes 3.2.6 (Ronquist et 
al., 2012). All datasets were analyzed using one million MCMC runs and continued in 
iterations of five-hundred thousand until the average standard deviation of split 
frequencies was calculated to be below 0.01. All parameters were set in accordance with 
the models determined by JModelTest, default priors were used, and the discarded burn-
in proportion was set to 25%. Following analysis, log likelihood plots and PSRF values 
were used to confirm adequate convergence. Bayesian tree topology was assessed using 
posterior probability support values.  
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 Maximum likelihood phylogenetic trees were constructed using PhyML 3.1 
(Guindon et al., 2010), again utilizing model parameters calculated by JModelTest. 
Subtree pruning and regrafting topological rearrangements were used with 5 random 
starting trees, to reduce the likelihood that any single tree construction was the result of 
data becoming trapped in local optima. Approximate likelihood-ratio testing (aLRT) was 
used to estimate branch support for the resulting tree topologies (Anisimova and Gascuel, 
2006) and thereby infer the phylogenetic relationships between the sampled Lu. shannoni 
populations. aLRT values ≥0.75 were considered to provide moderate node support, 
while aLRT values ≥0.95 were considered to provide significant node support (Mignard 
and Flandrois, 2008; Nakao et al., 2013).  
 FigTree 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/) was used to develop 
figures for both Bayesian and maximum likelihood phylogenetic trees.  
Maxent Ecological Niche Modeling 
 Separate ecological niche models for Colombia and the U.S. were developed 
using Maxent v3.4.1 (Phillips et al., 2006; Phillips and Dudik, 2008). Lu. shannoni 
collection data was obtained for Colombia from extensive records kept by Dr. Leonard 
Munstermann (personal communication), and from data published by Cardenas et al. 
(2001); collection data for the U.S. was obtained from data published by Florin (2006), 
and from collections spanning August to September, 2016 (Table 1). Environmental 
layers were chosen based on previous work by Moo-Llanes et al. (2013), and Pearson 
correlation tests were conducted in R to eliminate highly (≥0.7) intercorrelated layers. 
Bioclimatic layers were retrieved from WorldClim.org (2017), while elevation layers 
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Layer ID Variable Country ENM Source
BIO5 Maximum temperature USA WorldClim
BIO6 Minimum temperature USA WorldClim
BIO7 Temperature annual range Colombia WorldClim
BIO12 Annual precipitation USA, Colombia WorldClim
BIO15 Precipitation seasonality Colombia WorldClim
Elev Elevation Colombia DIVA-GIS
were retrieved from DIVA-GIS (2017). The layers utilized for each Maxent model are 
detailed in Table 3.  
 Maxent for both models was run using a starting random seed with 1,000 
replicates; was set to write plot data and background predictions; create response curves; 
perform jackknifes to estimate variable importance; and output results in Cloglog format.  
 
 
  
Table 3: Maxent model layers utilized by country. BIO layers were retrieved from WorldClim.org; 
elevation layers and country masks were retrieved from DIVA-GIS. Pearson’s correlation tests were 
conducted in R to eliminate layers with high (≥0.7) intercorrelation. Ecologically important layers were 
based on previous Lu. shannoni habitat distribution modeling by Moo-Llanes et al. (2013); the layers 
selected for use in the final Maxent models were those that demonstrated the greatest significance as 
indicated by jackknife tests of variable importance (See Figure 9); and which also lacked high (≥0.7) 
levels of intercorrelation with other, less informative variables. 
 
Table 3: Maxent model environmental layers  
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Chapter 3 
Results 
Specimen Collection Results 
 In total, 258 sand flies were collected from Aug. to Oct. 2016, 112 of which were 
males identified as Lu. shannoni (Table 4). Sites from all four states in the U.S. yielded 
Lu. shannoni specimens, including a substantial number in Virginia, which is the first 
time this species has been collected in that state. Males comprised the majority of 
collected specimens, representing 62% of total sand fly captures. Due to female flies’ 
internal taxonomic features, and the subsequent difficulty in species-level identification, 
only male sand flies were mounted, identified, and utilized. 
 
 
 
State Locality Site Code Total Lu. shannoni No. Male No. Female No. Bloodfed No. Oviparous
PX1 30 20 26 4 0 0
PX2 21 11 21 0 0 0
PX4 17 9 9 8 2 0
PS1 22 8 11 11 0 4
PS2 14 8 13 1 0 1
PS3 8 5 7 1 0 1
MN1 18 13 15 3 0 0
MN2 29 8 12 16 0 2
MN3 70 16 26 43 1 0
TX1 6 3 5 1 0 0
TX2 23 11 14 9 0 2
Total 4 states 11 sites 258 112 159 97 3 10
Troop, Private Land
Patuxent Wildlife Research 
Refuge
Poinsett State Park
Mason Neck State Park
Texas
Maryland
South Carolina
Virginia
Table 4: Sand fly collection records for August through October, 2016. Four CDC miniature light traps 
equipped with fine mesh bags, dry ice coolers, and baited with chicken feathers or dog hair were 
utilized. Traps were hung ~1 meter off the ground in habitat deemed suitable for Lu. shannoni, i.e. 
dominated by oak hardwood, proximal to fresh water, etc. Species identification was performed under 
30X magnification via the sand fly identification keys provided by Young and Duncan (1996), and 
confirmed by Dr. David Florin of USUHS (personal communication); specimens were partially 
dissected and slide-mounted prior to species identification as per the protocols of Young and Duncan 
Table 4: U.S. sand fly collection records, Aug. – Oct. 2016 
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Molecular Data Results 
COI sequence data represents the most robust dataset with 80 sequences and over 
40 unique haplotypes, over 30 of which were identified in specimens from the U.S.; this 
increased number of COI sequences is attributable to high rates of amplification success 
and Florin et al.’s (2008) Lutzomyia shannoni COI data accessed from NCBI (Nucleotide, 
Accessions KC755366.1-KC755397.1). The remaining markers yielded significantly less 
data: 24 Cyt-b, 18 16S, and 16 para fragments were successfully amplified with 
unambiguous base calls, representing 9, 6, and 5 unique haplotypes, respectively (Table 
5).  
COI amplification yielded a 452 bp fragment, including amino acids 71 through 
220.  Cyt-b yielded a 233 bp fragment, including amino acids 320 through 380, as well as 
the Cyt-b stop codon, intergenic space 1 (IG1), and 41 bases of the serine transfer RNA 
(tRNASer), up to the variable loop. 16S yielded a 122 bp fragment, spanning nucleotide 
positions 13,099 to 13,221 as indicated by the Lu. umbratilis 16S gene. Lastly, para 
yielded a 283 bp fragment, including amino acids 1002 through 1032, as well as a 197 bp 
section of the para intron.  
COI sequence data exhibited 69 variable sites, an average haplotype diversity of 
0.960, and average nucleotide diversity of 0.029. Cyt-b sequence data exhibited 17 
variable sites, an average haplotype diversity of 0.851, and average nucleotide diversity 
of 0.027. 16S sequence data exhibited 12 variable sites, an average haplotype diversity of 
0.702, and an average nucleotide diversity of 0.015. Para sequence data exhibited 15 
variable sites, an average haplotype diversity of 0.829, and an average nucleotide 
diversity of 0.009. Nucleotide content for the three mitochondrial genes showed an A+T 
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bias, with the COI, Cyt-b, and 16S genes exhibiting 0.344, 0.220, and 0.151 average G+C 
content, respectively; while the para gene exhibited an average G+C content of 0.414 
(Table 6).  
 An insertion/deletion polymorphism (indel) of variable length was identified in 
the mitochondrial IG1 region, immediately following the Cyt-b stop codon and preceding 
the tRNASer region (Perez-Doria et al., 2008). All specimens from Colombia lacked this 
indel; all specimens from Mexico and one from Texas possessed a 2 bp insertion; and all 
specimens from the U.S. possessed a 6 bp insertion (Table 7). 
 A single indel was also detected within the para intron at nucleotide position 159. 
Four specimens exhibited a single adenine insertion: two specimens from Mexico, and 
two specimens from Texas. However, only 11 specimens from three states in the U.S. – 
MD, VA, and TX – yielded para amplicons (Table 5).  
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Table 5: Total number of successfully amplified sequence fragments, organized by gene and location. 
1% agarose gels were used to verify successful amplification of the target gene fragment; a 
ThermoScientific NanoDrop 2000 was used to ensure sufficient DNA concentrations prior to 
submission for Sanger sequencing. Sequence quality was confirmed via visual inspection of sequencing 
chromatograms. See Table 1 for additional location data; Table 2 for PCR methods; and Table 6 for a 
summary of sequence statistics. 
 
Region State COI Cyt-B 16S Para
MD 13 1 2 4
SC 4 1 1 -
VA 11 4 1 3
TX 10 4 1 4
AL 4 - - -
FL 4 - - -
GA 4 - - -
KY 4 - - -
LA 4 - - -
NC 4 - - -
Mexico Quintana Roo 5 3 2 3
Bolivar 1 2 2 1
Vichada 4 3 1 1
Valle de Cauca 2 - 1 -
Santander 3 2 5 -
Boyaca 1 1 1 -
Norte de Santander 1 2 - -
Colony 1 1 1 -
Total: 80 24 18 16
USA
Colombia
Table 5: Summary of analyzed PCR amplicons by gene and location 
28 
 
 
 
 
 
 
 
 
 
COI 452 69 0.344 0.960 ± 0.011 0.029 ± 0.004 13.263 44
Cyt-b 233 17 0.220 0.851 ± 0.003 0.027 ± 0.050 6.072 10
16S 122 12 0.151 0.702 ± 0.100 0.015 ± 0.006 1.854 6
Para 288 15 0.414 0.829 ± 0.054 0.018 ± 0.004 2.444 13
No. Unique 
Haplotypes
Marker H ± SD π ± SD Avg. Nucleotide 
Differences
G+C 
Content
Variable 
Sites 
Fragment Length 
(basepairs)
Table 7: Indel sequence summary, delineated by population. The indel occurs within the IG1 region, 
between the Cyt-b stop codon and the 5’-end of the mitochondrial tRNASer region. Sequence alignments 
were performed using ClustalW in BioEdit; chromatograms were checked in BioEdit to verify basecall 
accuracy. All U.S. samples exhibit identical IG1 sequences except for a single Texas specimen. 
Population
Bolivar T A A T T - - - - - - A G T T A A T
Vichada T A A T T - - - - - - A G T T A A T
Santander T A A T T - - - - - - A G T T A A T
Boyaca T A A T T - - - - - - A G T T A A T
Norte de Santander T A A T T - - - - - - A G T T A A T
Colony T A A T T - - - - - - A G T T A A T
Quintana Roo T A A T T - - - - A T A G T T A A T
Texas T A A T T - - - - A T A G T T A A T
USA T A A T T A A T T A T A G T T A A T
18
1
18
2
18
3
18
4
18
5
18
6
18
7
18
8
18
9
19
0
19
1
19
2
19
3
19
4
19
5
19
6
19
7
19
8
Stop 5' tRNASerIG1
Table 6: Summary of sequence statistics for all genetic markers. Statistics were calculated using 
aligned sequence data in DNAsp v5. COI showed the most variability, followed by Cyt-b, 16S, and 
para. A+T bias was evident in all mitochondrial genes, ranging from 65-85%.  
Table 6: Summary of sequence statistics 
Table 7: Cyt-b indel sequence summary 
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Phylogenetic Network Results 
 The COI network (Fig. 3A) identified five primary population clusters, separated 
by an average of 25 point mutations between each group’s most closely related 
representatives. Cluster 1 represented most Colombian specimens, and included 
specimens from Boyaca, Bolivar, Santander, Norte de Santander, and an insectary colony 
derived from Colombia; cluster 2 included specimens from Vichada, Colombia; cluster 3 
included specimens from Valle de Cauca, Colombia, and Quintana Roo, Mexico; cluster 
4 included additional specimens from Quintana Roo, Mexico; and cluster 5 included 
specimens from all collection sites in the U.S. Specimens from different sites in 
Colombia and Mexico did not exhibit any identical haplotypes; in contrast, the U.S. 
featured 9 instances of specimens from disparate sites exhibiting identical COI 
haplotypes, with no clear geographic structure.  
 Many of the same clusters were inferred from the Cyt-b network (Fig. 4B) as the 
COI network, albeit with less genetic variation. Three distinct clusters were identified, 
separated by an average of 5 point mutations. Cluster 1 included specimens from 
Vichada, Colombia; cluster 2 included Colombian specimens from Bolivar, Boyaca, 
Santander, Norte de Santander, and the insectary; and cluster 3 included specimens from 
both the U.S. and Quintana Roo, Mexico. The U.S. again exhibited significant 
homogeneity, featuring 8 specimens from 3 disparate collection sites with identical Cyt-b 
sequences. Specimens from Quintana Roo showed moderate distinction from the US 
cluster, but were only differentiated by 3 point mutations, well within the level of genetic 
variation exhibited within the US and primary Colombia clusters.  
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 The 16S network (Fig. 4C) showed comparatively little variation across all 
specimens, with most populations differing by (at most) one to two single nucleotide 
mutations. Specimens from Bolivar, Valle de Cauca, and Santander, Colombia; and 
Quintana Roo, Mexico, exhibited identical 16S sequences. Colombian specimens from 
the insectary and Boyaca were distinguished from this larger cluster by just one and two 
point mutations, respectively. Specimens from Vichada were also distinguished from the 
larger cluster by just two point mutations. Four U.S. specimens representing three 
disparate collection sites exhibited identical 16S sequences; and one specimen from 
Virginia, U.S. differed by a single base.  
 The nuclear para network (Fig. 4D) did not cluster specimens consistently with 
the mitochondrial networks, and no geographic structure is evident. Two groups were 
distinguished by a single point mutation n: one consisting of specimens from Texas, 
Virginia, Maryland, Mexico, Vichada, and Bolivar; and the other consisting of specimens 
from Mexico, Virginia, and Texas. A single Texas specimen was differentiated from this 
second group by three nucleotide substitutions. All polymorphisms were found in the 
para intron.  
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AMOVA and SAMOVA Results 
 AMOVA results for each gene fragment are summarized in Table 8. The COI and 
Cyt-b sequence data exhibited high percentages of nucleotide variation between regional 
groups (66.3% and 80.8%, respectively). COI data exhibited moderate percentages of 
nucleotide variation among populations (17.4%) and among individuals (16.3%). Cyt-b 
data indicated a moderate percentage of nucleotide variation among populations (14%), 
but a comparatively low percentage of variation among individuals (5.3%). Both 16S and 
para data showed inconsistent patterns in the percentage of nucleotide variation as 
determined by AMOVA. 16S data indicated a significant percentage of nucleotide 
variation between populations (65.7%), a moderate percentage of nucleotide variation 
between regional groups (34.3%), and no substantial percentage of nucleotide variation 
among individuals (0%). para data, on the other hand, indicated that 100% of nucleotide 
variation was found among individuals, with no substantial variation found among the 
regional and population levels (0%). All AMOVA calculations except for para were 
statistically significant (p < 0.05).  
 SAMOVA results for each gene fragment are summarized in Table 9. Analysis of 
COI sequence data identified 5 groups (k) based on a maximized ΦCT value of 0.848. All 
U.S. specimens were clustered into Group I; Colombian specimens were clustered into 
Group II, with the exception of specimens from Vichada and Valle de Cauca, Colombia, 
which were separated into Groups III and IV, respectively. Specimens from Quintana 
Roo, Mexico were also separated into a distinct group. SAMOVA of Cyt-b sequence data 
separated every collection site into a distinct group, with the exception of specimens from 
South Carolina and Virginia, based on a maximized ΦCT of 0.987. Analysis of 16S data 
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identified 5 groups: Colombian specimens were clustered into Group III, with the 
exception of specimens from Vichada and Boyaca, Colombia, which were separated into 
Groups I and II, respectively. Specimens from Maryland, South Carolina, and Texas were 
clustered into Group IV, while specimens from Virginia were separated into Group V. 
Analysis of para data distinguished five groups, with little regional consistency. Group I 
consisted of specimens from Bolivar and Virginia, while specimens from Vichada, 
Mexico, Maryland, and Texas were all grouped individually.   
Demographic Results 
 Fu’s F-statistics were calculated for each gene fragment based on region and are 
summarized in Table 10. The only significant (p < 0.02) results were obtained for the 
U.S. COI dataset, which exhibited a highly negative F-value (-25.09), indicating a recent 
Nearctic population expansion based on expected versus observed allele frequencies in 
U.S. Lu. shannoni. Data for all other regions and genetic markers were both non-
significant and neither highly negative nor positive.  
 Bayesian skyline plots calculated for U.S. COI data (Fig. 5) exhibited patterns 
similar to Fu’s F-statistics. The plot indicates a significant increase in the effective 
population size of female Lu. shannoni in the U.S., beginning between 10k and 15k years 
ago, depending on the number of Lu. shannoni generations per year. 
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Table 9: SAMOVA results summary, organized by gene fragment and locality. SAMOVA was 
performed in SPADS v1.0; k groups for all markers were set to 2 at the lower limit; 9 for COI, Cyt-b, 
and 16S markers; and 5 for the para marker. See Table 1 for location codes. SAMOVA was run using 
10,000 iterations and 10 repetitions. SAMOVA of COI sequences identified five distinct populations 
with geographic structure. Cluster I included all U.S. specimens; cluster II included specimens from 
Bolivar, Boyaca, Norte de Santander, and Santander, Colombia; cluster III included specimens from 
Vichada, Colombia; cluster IV included specimens from Valle de Cauca, Colombia; and cluster V 
included specimens from Quintana Roo, Mexico. SAMVOA of Cyt-b sequences separated all 
populations into separate clusters, except for specimens from South Carolina and Virginia. SAMOVA 
of 16S sequences identified five populations with geographic structure: cluster I included specimens 
from Vichada, Colombia; cluster II included specimens from Boyaca; cluster III included specimens 
from Bolivar, Santander, Valle de Cauca, Colombia, and Quintana Roo, Mexico; cluster IV included 
specimens from Maryland, South Carolina, and Texas; and cluster V included specimens from 
Virginia. SAMOVA of para sequences identified five populations with no obvious geographic 
structure. Cluster I included specimens from Bolivar, Colombia, and Virginia, U.S.; cluster II included 
specimens from Vichada, Colombia; cluster III included specimens from Quintana Roo, Mexico; 
cluster IV included specimens from Maryland; and cluster V included specimens from Texas.   
  
Marker K ΦCT ΦST ΦSC Group Populations
I AL, FL, GA, KY, LA, MD, NC, SC, TX, VA
II BO, BY, NA, SA
III VI
IV VC
V MX
I BO
II VI
III SA
IV BY
V NS
VI MX
VII TX
VIII SC, VA
IX MD
I VI
II BY
III BO, SA, VC, MX
IV MD, SC, TX
V VA
I BO, VA
II VI
III MX
IV MD
V TX
16S 5 1.000 1.000 NaN
Para 5 0.633 0.000 0.000
COI 5 0.848 0.862 0.090
Cyt-B 9 0.987 0.965 0.000
Table 9: SAMOVA Results 
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Phylogenetic Tree Results 
 Bayesian and maximum likelihood (ML) phylogenetic trees are shown in Figures 
5A-H. COI tree topology was virtually identical between the Bayesian (Fig. 6A) and ML 
(Fig. 6B) trees, with moderate to high bootstrap and approximate likelihood-ratio testing 
support (aLRT), respectively. All Lu. shannoni samples were monophyletic. Both trees 
recovered a relatively homogenous U.S. clade, distinguished from a sister Quintana Roo, 
Mexico clade by moderate bootstrap and aLRT support. A paraphyletic group comprised 
of samples from Quintana Roo, Mexico and Valle de Cauca, Colombia was recovered by 
both trees with high bootstrap/aLRT support, comprising a nested clade with the U.S. and 
other Quintana Roo, Mexico samples. A group of Colombian samples representing 
Boyaca, Norte de Santander, Santander, and the insectary was placed basal to the 
aforementioned U.S./Mexico/Valle de Cauca clade; and samples from Vichada, 
Colombia were placed basal to this primary Colombian group. Bootstrap support 
distinguishing the primary Colombian group from the U.S./Mexico/Valle de Cauca clade 
was high (96) according to Bayesian reconstruction, but aLRT support for the same node 
was low (0.456) according to ML reconstruction. 
 Bayesian (Fig. 6C) and ML (5D) trees constructed using Cyt-b sequence data 
exhibited topology consistent with one another and the COI trees, with some key 
differences. The Bayesian tree recovered three groups: one including samples from 
Vichada, Colombia; the second including the remaining Colombian samples; and the 
third including samples from the U.S. and Quintana Roo, Mexico, all with high bootstrap 
support. ML reconstruction recovered two monophyletic groups: one containing all 
samples from Colombia, and the other containing all samples from the U.S. and Quintana 
42 
 
Roo, Mexico. In both trees, samples from Quintana Roo, Mexico were differentiated 
from U.S. samples with high bootstrap/aLRT support, and low genetic distance. Samples  
from Vichada, Colombia were similarly differentiated from the remaining Colombian 
samples with high bootstrap support and low genetic distance.  
 Bayesian (Fig. 6E) and ML (Fig. 6F) trees constructed using 16S data recovered 
identical topology. The Vichada, Colombia sample was placed basal to the remaining 
samples. Samples from the U.S. were considered part of a nested clade within a larger 
group of samples from Colombia and Quintana Roo, Mexico. The major nodes of both 
trees were well supported by high bootstrap/aLRT values.  
 Bayesian (Fig. 6G) and ML (5H) trees constructed using para gene data 
recovered virtually identical topology, with high bootstrap/aLRT support. Both trees 
failed to recover groups of samples based on geography, and clustered samples from the 
U.S., Mexico, and Colombia into a single clade. A paraphyletic group consisting of two 
samples from Quintana Roo, Mexico and one from Texas was recovered, and a single 
sample from Texas was placed basal to all aforementioned groups in both the Bayesian 
and ML trees with high bootstrap/aLRT support. Low branch lengths were found 
between all Lu. shannoni samples in both trees.  
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ol
iv
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an
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nd
er
, N
or
te
 d
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an
de
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lo
w
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 d
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an
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w
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 d
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ge
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tio
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m
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an
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 p
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ul
at
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n 
fro
m
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nt
an
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ex
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 C
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om
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an
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io
n 
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lo
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op
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ph
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al
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 b
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 m
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 d
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 c
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m
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 d
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t c
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 m
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 b
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 c
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 c
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: C
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 re
pr
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 p
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r o
f p
re
di
ct
ed
 
nu
cl
eo
tid
e 
su
bs
tit
ut
io
ns
 p
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 p
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ra
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 m
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at
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at
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; C
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 m
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 d
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 p
ar
tit
io
n 
w
as
 u
se
d 
to
 se
pa
ra
te
ly
 a
na
ly
ze
 se
qu
en
ce
 d
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 b
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s c
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 c
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 p
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s d
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, C
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 d
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 d
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at
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. c
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pr
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 p
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r o
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 p
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 p
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ra
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 m
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t p
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s c
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 c
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 p
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et
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 d
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 C
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th
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 d
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an
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w
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 m
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re
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en
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at
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. c
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od
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pr
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t b
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 b
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th
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 p
ro
po
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 to
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m
be
r o
f p
re
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ct
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nu
cl
eo
tid
e 
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tit
ut
io
ns
 p
er
 si
te
. T
re
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re
co
ns
tru
ct
io
n 
w
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 p
er
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 u
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 M
rB
ay
es
 3
.6
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 (R
on
qu
is
t e
t a
l.,
 2
01
2)
. T
he
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w
in
g 
pa
ra
m
et
er
s w
er
e 
us
ed
: 
N
uc
m
od
el
=4
by
4;
 N
st
=2
 (H
K
Y
 m
od
el
); 
Co
de
=I
nv
er
m
t (
in
ve
rte
br
at
e 
m
tD
N
A
); 
Pl
oi
dy
=h
ap
lo
id
; R
at
es
=e
qu
al
; N
ga
m
m
ac
at
=4
; N
be
ta
ca
t=
5;
 O
m
eg
av
ar
=E
qu
al
; 
Co
va
rio
n=
no
; C
od
in
g=
al
l; 
Pa
rs
m
od
el
=n
o;
 M
CM
C
 le
ng
th
=1
 m
ill
io
n;
 B
ur
n-
in
=2
5%
; A
vg
. s
.d
. o
f s
pl
it 
fre
qu
en
ci
es
 <
0.
01
. M
rB
ay
es
 d
ef
au
lt 
pa
ra
m
et
er
s w
er
e 
us
ed
 w
he
n 
no
t o
th
er
w
ise
 sp
ec
ifi
ed
. C
ol
or
 b
ar
s c
or
re
sp
on
d 
to
 th
e 
sp
ec
im
en
’s
 c
ol
le
ct
io
n 
si
te
, a
nd
 m
at
ch
 th
e 
as
so
ci
at
ed
 p
hy
lo
ge
ne
tic
 n
et
w
or
k.
 T
re
e 
to
po
lo
gy
 
su
gg
es
ts
 a
n 
ea
rly
 d
iv
er
ge
nc
e 
be
tw
ee
n 
sp
ec
im
en
s f
ro
m
 V
ic
ha
da
, C
ol
om
bi
a,
 a
nd
 o
th
er
 c
ol
le
ct
io
n 
sit
es
. S
pe
ci
m
en
s f
ro
m
 th
e 
in
se
ct
ar
y 
an
d 
B
oy
ac
a,
 C
ol
om
bi
a 
w
er
e 
gr
ou
pe
d 
se
pa
ra
te
ly
 fr
om
 o
th
er
 C
ol
om
bi
an
 sp
ec
im
en
s. 
B
ay
es
ia
n 
tre
e 
re
co
ns
tru
ct
io
n 
di
d 
no
t d
ist
in
gu
is
h 
be
tw
ee
n 
th
e 
re
m
ai
ni
ng
 sp
ec
im
en
s f
ro
m
 C
ol
om
bi
a 
an
d 
Q
ui
nt
an
a 
Ro
o,
 M
ex
ic
o;
 h
ow
ev
er
, s
pe
ci
m
en
s f
ro
m
 th
e 
U
.S
. w
er
e 
gr
ou
pe
d 
to
ge
th
er
 in
to
 a
 si
ng
le
, w
el
l-s
up
po
rte
d 
cl
ad
e.
 T
he
 1
6S
 tr
ee
 e
xh
ib
its
 lo
w
er
 
re
so
lu
tio
n 
th
an
 th
e 
CO
I o
r C
yt
-b
 tr
ee
s, 
bu
t d
id
 re
co
ve
r a
n 
ea
rly
 d
iv
er
gi
ng
 V
ic
ha
da
, C
ol
om
bi
a 
po
pu
la
tio
n,
 a
nd
 a
 m
on
op
hy
le
tic
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. c
la
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 m
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 re
pr
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 p
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r o
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cl
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tid
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tit
ut
io
ns
 p
er
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te
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re
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re
co
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tru
ct
io
n 
w
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 p
er
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rm
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 u
sin
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yM
L 
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1 
(G
ui
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on
 e
t a
l.,
 2
01
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he
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llo
w
in
g 
pa
ra
m
et
er
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er
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M
od
el
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K
Y
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 m
ov
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ith
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ar
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tre
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hy
M
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t p
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et
er
s w
er
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ed
 w
he
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no
t o
th
er
w
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ec
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ol
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ar
s c
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d 
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th
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ec
im
en
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 c
ol
le
ct
io
n 
si
te
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 m
at
ch
 th
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so
ci
at
ed
 p
hy
lo
ge
ne
tic
 n
et
w
or
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ph
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og
en
et
ic
 tr
ee
 c
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se
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at
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B
ay
es
ia
n 
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ec
im
en
s f
ro
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V
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, C
ol
om
bi
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w
er
e 
es
tim
at
ed
 to
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av
e 
di
ve
rg
ed
 e
ar
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pe
ci
m
en
s f
ro
m
 th
e 
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se
ct
ar
y 
an
d 
B
oy
ac
a,
 C
ol
om
bi
a 
w
er
e 
di
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ng
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sh
ed
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re
m
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ni
ng
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lo
m
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an
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ec
im
en
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io
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no
t d
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in
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ol
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an
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 d
e 
C
au
ca
, C
ol
om
bi
a,
 a
nd
 Q
ui
nt
an
a 
Ro
o,
 M
ex
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s f
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 c
la
de
.  
 
Fi
gu
re
 6
F:
 1
6S
 m
ax
im
um
 li
ke
lih
oo
d 
ph
yl
og
en
et
ic
 tr
ee
 
49 
 
  
Fi
gu
re
 6
G
: p
ar
a 
B
ay
es
ia
n 
ph
yl
og
en
et
ic
 tr
ee
. N
od
e 
la
be
ls
 re
pr
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 p
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r o
f p
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 p
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 p
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ra
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 m
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at
es
=e
qu
al
; N
ga
m
m
ac
at
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; N
be
ta
ca
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m
eg
av
ar
=E
qu
al
; C
ov
ar
io
n=
no
; 
Co
di
ng
=a
ll;
 P
ar
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od
el
=n
o;
 M
CM
C
 le
ng
th
=1
 m
ill
io
n;
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ur
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in
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; A
vg
. s
.d
. o
f s
pl
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en
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es
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rB
ay
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 d
ef
au
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m
et
er
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er
e 
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ol
or
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s c
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 c
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ch
 th
e 
as
so
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 p
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et
w
or
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ca
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ge
ne
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al
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en
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s p
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at
io
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ra
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 d
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 d
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ng
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ex
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im
en
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r d
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en
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s f
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m
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an
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o,
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ex
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 a
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ay
es
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at
ed
 a
 si
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s f
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ex
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 p
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 re
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 b
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m
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l f
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 m
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Maxent Model Results 
 Maxent-generated ecological niche models for the U.S. and Colombia are 
depicted in Figures 6A and 7A. Elevation maps are included for comparison purposes and 
to better depict the terrain of the analyzed areas of the U.S. (Fig. 7B) and Colombia (7B). 
Model accuracy was assessed by calculating the mean area under (AUC) the receiver 
operator characteristic curve. Mean AUC for the Colombia model was 0.744; mean AUC 
for the U.S. model was 0.801. Jackknife of test gain for the U.S. model, shown in Fig. 
9A, identified annual precipitation as the most informative variable, followed by 
minimum temperature, and lastly maximum temperature. Jackknife of test gain for the 
Colombia model, shown in Fig. 9B, also identified annual precipitation as the most 
informative variable, followed by precipitation seasonality, elevation, and temperature 
annual range.   
Response curves were generated for both models to assess the estimated habitable 
range associated with particular environmental variables. Response curves for all U.S. 
variables are shown in Fig. 10A-C, while response curves for all Colombia variables are 
shown in Fig. 11A-D. U.S. suitability scores for annual precipitation (Fig. 10A) peak at 
1200 mm per year, while suitability scores for minimum temperature peak at 3°C (Fig. 
10C). Maximum temperature (Fig. 10B) demonstrated unchanged suitability scores until 
in excess of 31°C, after which suitability estimates decrease rapidly. 
Colombia suitability scores for annual precipitation (Fig. 11A) maintain a linear 
peak up to 1300 mm per year, after which habitat suitability estimates decrease rapidly. 
Precipitation seasonality estimates (Fig. 11B) peak at 35%, after which a steady decline 
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can be observed. Temperature annual range estimates (Fig. 11C) maintain peak value 
between 6°C and 8°C, after which habitat suitability estimates decrease. Elevation 
suitability estimates (Fig. 11D) increase sharply before peaking at 1200 m, followed by a 
rapid decrease estimated habitat suitability.  
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Figure 7: Maxent model of predicted habitat suitability in the U.S. (A), juxtaposed with an elevation 
map (B). Probability refers to the predicted probability of suitable habitat based on the model. Layers 
utilized include BIO5, BIO6, and BIO12, as detailed in Table 3. Maxent was set to create response 
curves; perform jackknife to measure variable importance; utilize random seed; write plot data; write 
background predictions; run with 1,000 cross-validated replicates; and output in Cloglog format. The 
Maxent model suggests that habitat suitable for Lu. shannoni in the U.S. is most common in the eastern 
half of the U.S., principally along coastlines, across Appalachia, and in the Ohio River Valley . 
Temperature and precipitation moderation due to the maritime effect may explain why coastal areas 
contain suitable Lu. shannoni habitat in the U.S. despite northerly latitudes, while the abundance of 
continuous deciduous habitat may explain the model’s identification of large tracts of potentially 
suitable habitat across Appalachia and the Ohio River Valley. 
Figure 7: Maxent environmental niche model, U.S.   
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Chapter 4 
Discussion 
Specimen Collection  
 The discovery of Lu. shannoni in Virginia is unsurprising, as the species has been 
found in four of the five states with which it shares a border. Still, this discovery adds a 
new state record for Lu. shannoni, and further emphasizes the need for novel sampling 
locations in the eastern U.S., where undetected populations of Lu. shannoni may reside.  
Molecular Data Analysis 
Despite variable success rates across the four tested primers, this study represents 
a more comprehensive molecular analysis than most papers investigating Lutzomyia. The 
sand fly’s miniscule size (~70 µg), and the subsequent difficulty in extracting substantial 
quantities of DNA, make it challenging to generate the genetic material required to 
employ a wide array of markers; as a result, most research projects employ only one or 
two (Arrivillaga and Golczer, 2015). This limitation may also explain the inconsistent 
amplification success evident in the Cyt-b, 16S, and para gene primers. 
Mitochondrial marker sequence data exhibited strong A+T bias, conforming to 
known patterns regarding insect mtDNA composition (Simon et al., 1994). COI sequence 
data captured the most variability of the tested markers, as indicated by the number of 
variable sites (69) and the average nucleotide diversity (0.029), summarized in Table 6. 
All but two of the observed nucleotide substitutions occurred in the 3rd position of the 
codon and were synonymous. Two non-synonymous mutations were detected at position 
46 for one Kentucky specimen, and at position 361 for one Quintana Roo, Mexico 
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specimen. The position 46 mutation encodes a glycineserine conversion in amino acid 
86, situated in a loop structure connecting the 2nd and 3rd α-helices of the COI subunit 
(UniProt, Accession P00399). This loop is known to exhibit substantial variability in 
metazoans, being situated within the mitochondrial matrix away from the protein’s active 
sites (Pentinsaari et al., 2016). The position 361 mutation encodes a valinemethionine 
conversion in amino acid 191, situated in the 5th α-helix of the COI subunit. This amino 
acid position is also known to exhibit high levels of variability (Pentinsaari et al., 2016); 
and since methionine demonstrates similar hydrophobic properties to valine, this 
substitution is unlikely to significantly impact protein function.  
Cyt-b variation was dominated by synonymous substitutions, and exhibited the 
second highest level of variation after the COI data. A total of 17 variable sites were 
identified, with moderate levels of nucleotide diversity (0.027). A single non-
synonymous substitution encoding a valinemethionine substitution was identified in all 
samples from Quintana Roo, Mexico at position 31 of the nucleotide sequence. Two 
outgroup sequences representing Lu. longipalpis and Lu. umbratilis also showed 
variability at this site, and feature non-synonymous substitutions which encode 
phenylalanine and leucine, respectively. All amino acid variants at site 31 feature 
hydrophobic sidechains, and constitute the final transmembrane α-helix at the C-terminus 
of the Cyt-b protein (UniProt, Accession P18935).  
Of additional interest is an indel discovered following the Cyt-b stop codon, in the 
IG1 region immediately preceding the tRNASer-encoding region (Table 7). No Lu. 
shannoni specimens from Colombia exhibited the insertion; specimens from Quintana 
Roo, Mexico and a single specimen from Texas exhibited a 2-bp insertion; and all 
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remaining specimens from the U.S. exhibited a 6-bp insertion. Indels have been proposed 
as a useful phylogenetic tool, demonstrating utility at relatively shallow evolutionary 
scales, where there is reduced likelihood of convergence-reversion events that result in 
homoplastic indel markers (Bapteste and Philippe, 2002; Vali et al., 2008). The IG1 indel 
may therefore hold promise as an intraspecific marker, given its potential to distinguish 
Lu. shannoni specimens based on geography. Insertions are more common in non-coding 
sites than deletions (Ometto et al., 2005); and the Lutzomyia are thought to have evolved 
in the tropical regions of South America east of the Andes mountains (Andrade Filho and 
Brazil, 2003). It can therefore be postulated that the Colombia specimens represent an 
ancestral IG1 genotype, while specimens from Mexico and the U.S. represent 
increasingly divergent IG1 genotypes. This hypothesis is further supported when 
considering the biogeography of the species: Lu. shannoni populations may have 
undergone bottlenecks or founder effects as the species migrated north across the Isthmus 
of Panama into Mexico, and then again across the Chihuahuan desert into the U.S. Such 
events are known to increase the prevalence of uncommon haplotypes, which the IG1 
indel variants may represent.  
The highly conserved 16S gene showed limited variation across samples, as 
indicated by its low number of variable sites (12) and nucleotide diversity (0.015). The 
mitochondrial 16S gene encodes the large ribosomal subunit, and is highly conserved 
across a variety of genera due to its integral role in protein translation (Simon et al., 
1994). While some studies have been successful discriminating intraspecific relationships 
using 16S sequence data, its inherent lack of variability appears to make the gene a less 
than ideal marker for intraspecific analysis, and suggests that 16S gene data is more 
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appropriately applied to resolving interspecific relationships or higher within the 
Phlebotominae (Arrivillaga et al., 2003; Meneses et al., 2005; Simon et al., 1994).  
Para sequence data identified a moderate number of variable sites (15), but 
exhibited the lowest average nucleotide diversity (0.009). The para fragment amplified in 
this analysis corresponds to amino acids 1002 through 1032 of a neuron-specific sodium 
channel α-subunit (Loughney et al., 1989; Warmke et al., 1997); specifically, these amino 
acids constitute part of an intramembrane structure, an extracellular topological domain, 
and a portion of the S6, domain II transmembrane α-helix (UniProt, Accession P35500). 
No mutations were found within the protein-encoding portions of the sequence fragment; 
all detected mutations occurred in the intron.  
An indel was also detected in the para intron. A single adenine insertion was 
identified at nucleotide position 159, and was only detected in a subset of specimens from 
Quintana Roo, Mexico and Texas. In the absence of additional sequence data and 
geographic representatives, it is unclear if this indel has potential as a biogeographical 
marker in Lu. shannoni. Furthermore, the para indel pattern was less consistent than the 
Cyt-b indel: specimens from the U.S. and Colombia lacked the insertion, and its use 
distinguishing populations based on geography is therefore likely to be limited.  
Phylogenetic Network Analysis 
 Mitochondrial phylogenetic networks showed generally consistent results, but 
with varying levels of substructure. The COI network (Fig. 4A) exhibited the highest 
degree of resolution, capable of delineating specimens based on collection site for all 
regions except the U.S. Three Colombia population clusters were evident: a Magdalena 
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cluster (Colombia: Boyaca, Santander, Bolivar, Norte de Santander, and the colony); a 
Vichada, Colombia cluster; and a cluster containing samples from Valle de Cauca, 
Colombia and Quintana Roo, Mexico. These groups appear to be geographically 
structured relative to the Andean mountains spanning Colombia. The Magdalena cluster 
falls within the Magdalena River Valley, bordered by the West and Central Andes. 
Geographic distance alone is insufficient to explain the population structure observed: 
specimens from Bolivar were clearly grouped within the Magdalena cluster, despite being 
separated from their cohort by ~450 km. In contrast, specimens from Valle de Cauca, 
considered highly disparate by the COI network, are separated from the Magdalena 
cluster by ~350 km, 100 km less than the Bolivar specimens. This supports previous 
biogeographical analyses, which identify the Andes as an important reproductive barrier 
between Lu. shannoni populations in Colombia (Cardenas et al., 2001; Mukhopadhyay et 
al., 2001).  
 Of especial interest is the high degree of relatedness between specimens from 
Valle de Cauca, Colombia and Quintana Roo, Mexico. These sites are separated by over 
2500 km. Despite this substantial range, specimens from Valle de Cauca/Quintana Roo 
cluster exhibited less internal variation than specimens within the Magdalena cluster. 
This pattern may be attributable to topographical separation: Valle de Cauca, Colombia is 
situated on the western side of the West Andes range, adjacent to the Isthmus of Panama. 
It may therefore be hypothesized that Lu. shannoni from Valle de Cauca, Colombia and 
North American share an ancestral population that recently existed on the western side of 
the Colombian Andes, before expanding northward into the Nearctic via the Isthmus of 
Panama.  
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 Florin et. al.’s (2008) previous work with Lu. shannoni in North America was also 
supported by the COI network. Two distinct populations in Quintana Roo, Mexico were 
identified; and, despite a magnitude of geographic separation comparable to their 
Colombian counterparts, U.S. Lu. shannoni exhibited no significant population structure. 
Based on this data, it is hypothesized that Lu. shannoni in the U.S. migrated from Mexico 
relatively recently and expanded rapidly across the eastern half of the country.  
 The Cyt-b phylogenetic network (Fig. 4B) was generally consistent with the COI 
network. Two Colombia clusters were identified: the Magdalena cluster (Colombia: 
Boyaca, Santander, Bolivar, Norte de Santander, and the colony); and the Vichada, 
Colombia cluster. Cyt-b amplification failed for all Valle de Cauca, Colombia specimens; 
the site is not represented as a result. In contrast to the COI network, the Cyt-b network 
did not identify two Quintana Roo, Mexico populations, which may be a consequence of 
the lower overall degree of variation detected within the gene. The Cyt-b network also 
identified specimens from Quintana Roo, Mexico as being closely related to specimens 
from the U.S.: only three nucleotide substitutions separate the Quintana Roo, Mexico 
cluster from its nearest relative in the U.S. cluster. 
The 16S phylogenetic network (Fig. 4C) showed significantly less structure than 
the COI and Cyt-b networks, likely due to the highly conserved nature of the gene. 
Specimens from Quintana Roo, Mexico exhibited 16S sequences identical to those from 
Colombian sites including Santander, Bolivar, and Valle de Cauca; specimens from the 
U.S. differed from this cluster by a single nucleotide substitution, except for a single 
Virginia specimen that differed by two nucleotide substitutions. Specimens from Boyaca 
and Vichada, Colombia also differed from the primary cluster by two substitutions. 16S 
64 
 
sequence data did distinguish an outgroup Lu. umbratilis specimen by six nucleotide 
substitutions. The 16S gene therefore appears too conserved for intraspecies analysis, but 
suitable for resolving interspecific relationships within Lutzomyia.  
The para phylogenetic network (Fig. 4D) did not delineate populations 
geographically: two primary clusters were differentiated by a single nucleotide 
substitution, and included specimens from across the U.S., Mexico, and Colombia; while 
a single specimen from Texas was differentiated from the primary clusters by three 
nucleotide substitutions. This is likely a consequence of the highly conserved nature of 
the gene. As all para mutations were located within the intron, it is unlikely that these 
sequence differences correspond to functional differences. Still, this is the only other 
instance of a molecular marker corroborating COI sequence data in identifying two 
Quintana Roo, Mexico populations. Such differences are surprising in Lu. shannoni 
collected from the same locality; and while all observed nucleotide substitutions occurred 
exclusively in the para intron, mutations in genes like para that are implicated in 
courtship song may create behavioral reproductive barriers, resulting in two distinct 
populations within the same locality where geographic barriers are absent (Gleason, 
2005; Lins et al., 2012).  
AMOVA 
AMOVA results were statistically significant across the mitochondrial markers 
(Table 8). Analysis of both COI and Cyt-b sequence data identified nucleotide variation 
between regional groups as the greatest contributor to genetic variation, at 66% and 81%, 
respectively. This pattern is unsurprising, given the substantial distances separating the 
studied populations. Analysis of both COI and Cyt-b sequence data identified variation 
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among populations as the second-greatest contributor to nucleotide variation, at 17% and 
14%, respectively; and nucleotide variation among individuals as the third-greatest 
contributor, at 16.3% and 5.3%, respectively. AMOVA of COI data identified a higher 
percentage of variation among individuals, likely due to the high proportion of 
homogeneous U.S. samples in the COI data pool. AMOVA of Cyt-b data similarly 
identified a lower percentage of variation among individuals, due to the comparatively 
low number of homogeneous U.S. samples in the Cyt-b data pool.  
AMOVA of 16S data identified variation among populations as the greatest 
contributor to variance, at 65.7%, with variation among regional groups accounting for 
34% of variation. This pattern reflects the associated haplotype network, which showed 
little regional structure. AMOVA across the para sequences was not statistically 
significant; and reinforces the assertion that para is ill-suited to population analysis, 
having identified no consistent regional or population-level variance in the studied 
samples, while nucleotide variation among individuals was calculated to be 100%. 
The AMOVA results suggest that most of the nucleotide variation across the 
sampled Lu. shannoni is attributable to differences between regional groups in Colombia, 
Mexico, and the U.S. Additionally, the degree of nucleotide variation attributable to 
differences among populations is moderate, and largely driven by the proportion of 
structured Colombian samples to unstructured U.S. samples, further underscoring the 
disparity in population structure exhibited by Lu. shannoni in these two regions.  
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SAMOVA 
The SAMOVA results conflicted somewhat with the AMOVA results (Table 9): 
both found regional variation (ΦCT) to be a significant source of variation in the 
mitochondrial genes, but SAMOVA identified little nucleotide variation among 
populations (ΦSC), even in Colombia-dominated sample pools. Rather, SAMOVA 
identified variation within individuals as a greater contributor to total nucleotide variation 
across all mitochondrial genes. SAMOVA of the para gene identified regional 
differences to be the sole contributor to variance, despite the lack of regional genetic 
structure as indicated by both the AMOVA and phylogenetic analyses. These results may 
have been negatively impacted by comparatively small sample pools for the Cyt-b, 16S, 
and para genes, each of which was only 25% the size of the COI dataset. Additionally, 
the conserved nature of these genes – in particular, 16S and para – likely confounded 
molecular variance analysis, due to their extremely homogeneous nature. 
Demographic Analysis 
Demographic analysis via Fu’s F-statistics showed little significance except in the 
U.S. COI dataset (Table 10). Fu’s Fs for U.S. COI sample data were highly negative and 
statistically significant (-25.09), suggesting a relatively recent population expansion that 
resulted in larger than expected numbers of alleles in U.S. Lu. shannoni. This reinforces 
the COI phylogenetic network (Fig. 4A), which also indicated a large number of low-
distance COI haplotypes among U.S. Lu. shannoni, compared to the low number of COI 
haplotypes across Colombia and Mexico. As with previous analytical methods, the Cyt-b, 
16S, and para genes showed little variation, and were unable to identify significant 
signatures of population expansion or reduction within any regional sample pool.  
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Fu’s Fs were further reinforced by the COI Bayesian skyline plot (BSP, Fig. 5). 
Only COI was found to exhibit a clear pattern of population expansion; U.S. Skyline 
plots for Cyt-b, 16S, and para lacked the allelic variation necessary to infer demographic 
history. The COI BSP indicates a significant population expansion of U.S. Lu. shannoni, 
estimated to have begun between 10,000 and 15,000 years ago. This estimate is partially 
dependent on the number of sand fly generations per year. Many details of sand fly life 
history are still unknown, and current theories are generally based on observations of 
insectary colonies derived from tropical localities reared under artificial conditions 
(Perkins, 1982; Ferro et al., 1998; El-Shazly et al., 2012; Castillo et al., 2015). As such, 
inference of natural population dynamics is often predicated on seasonal population 
spikes.  
Within temperate portions of Lu. shannoni’s range, two to three population spikes 
are typically observed: the first in spring, a second in mid-summer, and a third in late 
summer if conditions allow (Comer et al., 1994; Minter et al., 2009). It has therefore been 
postulated that Lu. shannoni undergoes two to three reproductive events per year in the 
temperate extents of its range. The first generation emerges in late spring, after 
overwintering in an immature form. This generation then reproduces and dies, leading to 
the second population spike observed in late summer. Individuals from this late summer 
population then mate and lay eggs, which in turn leads to the following spring’s 
population spike following the cessation of diapause in overwintering larva (Comer et al., 
1994; Minter et al., 2009).  
Assuming this breeding pattern applies to ancestral Lu. shannoni living in 
temperate climates towards the end of the Pleistocene, the BSP analysis dates the 
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beginning of the U.S. demographic expansion to ~10,000 years ago. This timeframe 
coincides closely with the end of the last great glaciation period and supports current 
theories regarding Lu. shannoni’s expansion into the Nearctic (Andrade Filho and Brazil, 
2003).  
Phylogenetic Tree Analysis 
Phylogenetic analysis using Bayesian and ML methods supported the previous 
analyses. Nearly identical topologies were recovered by both methods for the COI 
sequence data (Fig. 6A-B), which grouped populations in accordance with the COI 
phylogenetic network (Fig. 4A) and SAMOVA calculations (Table 9). Both the Bayesian 
and ML phylogenies considered all specimens to be monophyletic, with early divergence 
of the Vichada, Colombia samples, followed by divergence of the Magdalena, Colombia 
cluster. Samples from the U.S., Quintana Roo, Mexico, and Valle de Cauca, Colombia 
composed a single clade. A cluster of samples from Quintana Roo, Mexico and Valle de 
Cauca, Colombia were estimated to have diverged early within this clade, followed by 
the second Quintana Roo, Mexico cluster, that was estimated to be closely related to U.S. 
Lu. shannoni samples. A homogeneous group of U.S. samples was recovered by both 
Bayesian and ML trees.  
The Cyt-b sequence data grouped specimens consistently across both Bayesian 
and ML trees (Fig. 6C-D), and supported the Cyt-b phylogenetic network (Fig. 4B). The 
Bayesian tree recovered a single Nearctic clade, and differentiated samples from 
Quintana Roo, Mexico and the U.S. with high bootstrap/aLRT support. A single Texas 
specimen, considered an intermediary between Quintana Roo, Mexico and U.S. samples, 
was also recovered by the Bayesian tree. The Bayesian tree did not recover a single 
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Colombian clade, but rather, sister Colombian clades consisting of samples from the 
Magdalena cluster, and samples from Vichada. The Cyt-b ML tree depicted similar 
overall topology, with notable differences. The Nearctic clade was recovered, with clear 
differentiation between specimens from Quintana Roo, Mexico and the U.S.; however, no 
Texas intermediary was identified. Rather, a single sample from Maryland was placed 
basal to the U.S. cohort, albeit with low aLRT support (0.67). Additionally, specimens 
from Colombia were grouped into a single clade, with clear differentiation between the 
Vichada and Magdalena clusters.  
The 16S Bayesian and ML trees failed to resolve most population-level 
relationships, but succeeded in recovering a U.S. population clade with significant 
support in both trees (Fig. 6E-F). A Vichada, Colombia sample was placed basal to the 
remaining specimens, suggesting early divergence, as was also indicated by the COI and 
Cyt-b phylogenies. Samples from Boyaca, Colombia and the Colombian insectary were 
differentiated from the larger Colombia cluster, but only by two and four nucleotide 
substitutions, respectively; while specimens from Quintana Roo, Mexico and Valle de 
Cauca, Colombia were not distinguished from the Magdalena cluster. The 16S tree 
topologies and node supports suggest some resolving power within the sequence data, but 
did not recover a distinct Valle de Cauca, Colombia and Quintana Roo, Mexico group, in 
contrast with the COI and Cyt-b sequence phylogenies. 
The para Bayesian and ML trees did not recover regional relationships or 
consistent geographic structure (Fig. 6G-H). Topology was virtually identical between 
both para trees, and was also consistent with the phylogenetic network (Fig. 4D). Both 
trees indicated the early divergence of a single Texas sample, followed by divergences of 
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several samples from Texas and Mexico. The terminal branches were largely 
indistinguishable, despite representing samples collected from the U.S., Mexico, and 
Colombia. No early divergence patterns were indicated for samples from Vichada, 
Colombia, in contrast to the COI, Cyt-b, and 16S sequence phylogenies.  
It is curious to note that, despite low levels of genetic differentiation, only the 
para gene sequences identified two separate Quintana Roo, Mexico subgroups as 
indicated by the COI data. All sequence differences in the para data occurred within the 
intron, and are therefore unlikely to correlate with courtship song or pesticide resistance 
patterns. Nonetheless, the two Quintana Roo, Mexico populations indicated by the COI 
data may have arisen due to functional divergences in para or other courtship song genes, 
resulting in a behavioral reproductive barrier between the two populations despite the 
lack of geographic barriers.  
With some exceptions, several consistent evolutionary patterns were recovered by 
the molecular phylogenies. In all mitochondrial genes, samples from Vichada, Colombia 
were estimated to have diverged from the remaining samples early, followed by samples 
from the Magdalena river basin; Valle de Cauca, Colombia and Quintana Roo, Mexico; 
and lastly the U.S. A speculative evolutionary history of Lu. shannoni may therefore be 
inferred, beginning with an ancestral population to the east of the Colombian Andes, 
which subsequently migrated into the Magdalena river basin, then to the northwest of the 
Colombian Andes, up the Isthmus of Panama into Mexico, and finally across the 
Chihuahua desert into the U.S. The estimated COI and Cyt-b phylogenies in particular 
suggest this pattern; and the two related but distinct populations of Lu. shannoni in 
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Quintana Roo, Mexico identified by the COI phylogenetic network and trees implies a 
longer history of the species in that region compared to the U.S.  
While molecular studies of the Psathyromyia subgenus to which Lu. shannoni 
belongs are scarce, comparable research has been performed on the vector species Lu. 
longipalpis of the subgenus Lutzomyia (Florin, 2006). Like Lu. shannoni, Lu. longipalpis 
exhibits an expansive range, and has been collected from Mexico to northern Argentina 
with discontinuous distribution therein (Young and Duncan, 1994; Arrivillaga et al., 
2002). Lu. longipalpis is generally accepted as a species complex, based on molecular, 
morphological, and behavioral differences between geographically disparate populations 
(Bauzer et al., 2007).  
Due in part to a paucity of research, there still exists debate regarding Lu. 
shannoni’s status as either a single species or a species complex, based principally on 
minute variations in genital morphology from Brazilian specimens (Sabio et al., 2014). 
Pairwise genetic distances in Lu. longipalpis COI sequence data have been explored to 
justify its status as a species complex (Arrivillaga et al., 2002). Genetic distances 
considered sufficient by Arrivillaga et al. (2002) to regard disparate Lu. longipalpis 
populations as distinct species were not observed between any of the sampled Lu. 
shannoni populations in Colombia, Mexico, or the U.S.  
This study represents the broadest geographic range of sequenced Lu. shannoni 
specimens to date; considering the relatively low genetic distances between the sampled 
populations, these analyses do not support the existence of cryptic species, or multiple 
sister species, within a Lu. shannoni species complex. However, such assertions must be 
tempered by the narrow array of genetic markers employed in this study, and the lack of 
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morphometric analysis. Furthermore, Lu. shannoni is considered a species complex based 
on populations collected across Brazil, which was not represented in this study (Galati, 
1995; Galati, 2013). It may be that a Shannoni complex is supported by genetic 
divergence among Brazilian populations, and that populations in Colombia, Mexico, and 
the U.S. diverged more recently from an ancestral population, hence their high degree of 
genetic similarity. Conversely, as is proposed both by Andrade Filho and Brazil (2003) 
and by haplotype and demographic analyses, it is possible that Lu. shannoni underwent 
substantial range expansion and fragmentation following the last great glaciation period, 
lending credence to a singular Lu. shannoni species whose high degree of genetic and 
phenotypic similarity is explained by its comparatively recent divergence from an 
ancestral population living east of the Andes. Sampling of additional Lu. shannoni 
populations across its geographic range, and subsequent genetic and morphometric 
analysis, would greatly assist in resolving the species’ taxonomic status.     
Maxent Model Analysis 
 Lu. shannoni collection was designed to maximize the likelihood of obtaining 
specimens from a broad geographic range in the U.S.; no attempt was made to randomize 
sampling locations, obtain absence data, or quantify collection site bias and detectability. 
Sampling intensity was consistent for collections made from Aug. to Oct., 2016; 
however, the specific sampling procedures utilized for other U.S. specimens, and 
specimens from Colombia, are not clearly defined in their respective publications and 
collection records. Variables such as sampling intensity, trap site bias, efforts to 
randomize, or the omission of absence data are therefore unknown for most of the 
utilized presence data. Conclusions drawn from these models must therefore be tempered 
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accordingly and treated as exploratory estimates of habitat suitability (Yackulic et al., 
2013; Merow et al., 2013).  
 Both the Colombia and U.S. models achieved mean AUC scores that may be 
considered moderately confident (0.751 and 0.801, respectively), which indicates a 
reasonable level of discrimination between Lu. shannoni presence points and pseudo-
absence background points. However, it is possible that the higher AUC scores achieved 
by the U.S. niche model merely reflect the higher rate of well-predicted absences that 
arise as a consequence of the model’s increased spatial extent (Lobo et al., 2008).  
 In the U.S., annual precipitation and temperature extremes were identified by the 
model as the most significant predictive variables (Fig. 9A). These variables may reflect 
the conditions most favorable to the mixed oak forests Lu. shannoni inhabits (Young and 
Duncan, 1994). Indeed, according to USFS forest maps, the U.S. Maxent model (Fig. 7) 
corresponds closely to the extent of oak-pine and oak-hickory forests in the eastern half 
of the U.S. (Nat. Forest Type Dataset, 2017). The lack of appropriate forest habitat, rather 
than abiotic variables such as temperature and precipitation, may also explain why Lu. 
shannoni has not been collected in the western half of the U.S., despite its expansive 
distribution.  
Maximum and minimum temperatures, in addition to shaping forest type, may 
represent physiological or reproductive barriers to Lu. shannoni’s U.S. distribution. The 
species’ lifecycle in temperate regions requires a dormant overwintering period before 
emergence as an adult in spring (Comer et al., 1994; Minter et al., 2009). The model 
predicts that Lu. shannoni is constrained to areas with minimum winter temperatures of 
approximately -5°C (Fig. 10C), with most suitable habitat estimated to exist south of 
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40°N, except along the Atlantic coast (Fig. 7). As such, it may be postulated that Lu. 
shannoni’s dormant immature stages cannot generally withstand winter temperatures 
below -5°C. As average winter temperatures increase in the U.S. due to climate change, 
Lu. shannoni’s range may be expected to expand northward (Wuebbles et al., 2017). 
Expansion of entomological surveillance programs in eastern states transected by the 
40°N latitude line may be necessary to address increased VSV and leishmaniasis risk in 
these areas.  
The Colombia Maxent model (Fig. 8) identified comparable precipitation 
parameters for Lu. shannoni as the U.S. Maxent model, peaking at ~1300 mm (Fig. 11A). 
The model additionally suggests that regions that experience seasonal precipitation 
fluctuations of ~30% may also favor Lu. shannoni presence (Fig. 11B). These 
fluctuations are relatively minor compared to the majority of Colombia’s low-lying 
regions, where precipitation fluctuates between 80%-100% seasonally; and are typically 
found in regions above 500 m in altitude. Temperature annual range (Fig. 11C) exhibited 
favorable ranges similarly correlated with altitudes between 500 m and 2000 m. Given 
Lu. shannoni’s estimated elevation preference – 500 m to 1750 m (Fig. 11D) – it appears 
that the species may be primarily adapted to the cooler, drier, and more climatically 
stable regions found at moderate altitudes in the Colombian Andes, rather than the 
tropical climates typically associated with Lutzomyia sand flies.  
Despite Lu. shannoni’s apparent preference for moderate altitudes, the Colombia 
niche model nonetheless inferred clear boundaries posed by elevations exceeding 2000 
m. This corroborates the genetic data: the Valle de Cauca, Colombia population was 
collected on the western side of the Colombian Andes; the Magdalena population cluster 
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was found between the Central and East Andes, in the Magdalena river basin; and the 
Vichada population was found on the eastern side of the East Andes. The Maxent model 
also supports the theory that an ancestral Lu. shannoni population migrated northward 
into Central America from the western side of the Colombian Andes, as it predicts an 
unbroken stretch of suitable habitat between Valle de Cauca, Colombia and the Isthmus 
of Panama.  
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Chapter 5 
Conclusions 
 Several tentative claims can be made based on the results of this research project. 
First: the Lu. shannoni population in the U.S. is extremely homogenous, most likely due 
to a recent expansion from South America into the Nearctic at the close of the last great 
glaciation period, approximately 10k years ago. Second: Lu. shannoni populations in 
Colombia are quite heterogeneous, most likely due to the combination of topographical 
reproductive barriers, and a long enough evolutionary history in the region to permit 
divergence into clearly-structured populations based on these barriers. These populations 
appear to have migrated across Colombia from southeast of the Andean range, as 
indicated by the early divergence of the Vichada population indicated within the COI, 
Cyt-b, and 16S phylogenetic trees. Third: Nearctic Lu. shannoni populations most likely 
originated in western Colombia, where access to the Isthmus of Panama was 
unobstructed by the Andean range, facilitating the species’ northward expansion. Fourth: 
Lu. shannoni exhibits a moderate range of habitat tolerance, as indicated by the Maxent 
models; but also shows clear habitation limits based on temperature, precipitation, and 
elevation that restrict its dispersal across the U.S. and mountain ranges. The species 
appears curiously well-adapted to regions of its Colombia range that are relatively cool, 
dry, climatically stable, and at moderate elevations. This contrasts most Lutzomyia 
species, which are associated with tropical and subtropical habitats; and may help to 
explain Lu. shannoni’s uniquely broad distribution across the Americas.  
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Taken as a whole, this research paints a fascinating picture: Lu. shannoni is 
evidently an ancient, extremely adaptable species with a complex biogeographical 
history, and possesses a suite of mitochondrial genes that appear to contain a record of 
the species’ migratory history from Colombia to the U.S. The genetic homogeneity of Lu. 
shannoni in the U.S. confirms a previous study (Florin, 2008), and should be taken into 
account by public health officials targeting leishmaniasis and VSV, as the species’ low 
genetic diversity could facilitate the transmission of these diseases across various vector 
populations (De Souza Rocha et al., 2007). Conversely, the genetic distinctions observed 
between Lu. shannoni populations in Colombia suggest that disease transmission between 
these populations may be stymied, both by inhibited host optimization due to biochemical 
variance, and physical boundaries between the sand flies themselves (De Souza Rocha et 
al., 2007).   
As urban expansion places increasing numbers of people across the New World in 
contact with sand fly vectors, there will be growing need for research into Lu. shannoni’s 
role in the disease transmission cycle. Given the species’ ubiquity, adaptability, and 
vectorial capacity, it’s possible that Lu. shannoni plays an important role in maintaining 
sylvatic reservoirs of leishmaniasis, and moving the parasite into the peridomestic 
environment. Furthermore, climate change may alter Lu. shannoni’s existing range, and 
potentially place new regions at risk of disease transmission.  
Future research into this species should therefore address its role in the cycle of 
disease transmission; build upon the population genetics presented here to determine if 
particular populations or haplotypes correlate to local disease transmission rates; explore 
the impact urban expansion and climate change will have on the species’ range and rate 
78 
 
of peridomestic contact; and continue sampling efforts to detect Lu. shannoni in novel 
collection locations, that the range and environmental tolerance of this species may be 
more thoroughly understood.   
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